The atypical PKC-interacting protein, Par-4, inhibits cell survival and tumorigenesis in vitro, and its genetic inactivation in mice leads to reduced lifespan, enhanced benign tumour development and low-frequency carcinogenesis. Here, we demonstrate that Par-4 is highly expressed in normal lung but reduced in human lung cancer samples. We show, in a mouse model of lung tumours, that the lack of Par-4 dramatically enhances Ras-induced lung carcinoma formation in vivo, acting as a negative regulator of Akt activation. We also demonstrate in cell culture, in vivo, and in biochemical experiments that Akt regulation by Par-4 is mediated by PKCf, establishing a new paradigm for Akt regulation and, likely, for Ras-induced lung carcinogenesis, wherein Par-4 is a novel tumour suppressor.
Introduction
Inactivating mutations and deletions of tumour suppressor genes along with gain-of-function mutations in proto-oncogenes give rise to cells that can grow independent of external proliferation and survival cues and result in tumour transformation and cancer (Hanahan and Weinberg, 2000) . Among the proto-oncogenes most frequently altered in human tumours are the small GTPases of the Ras family, which have been found to be mutated in at least 25% of human lung adenocarcinomas (Bos, 1989) . This is of particular interest because lung neoplasia is the leading cancer-related cause of death in the United States, with an estimated incidence of 213 380 new cases and 160 390 deaths in 2007 (http:// www.cancer.gov/cancertopics/wyntk/lung). Mouse lung cancer models are available that reproduce the human disease relatively faithfully, thus allowing the study of the cellular and molecular basis of this neoplasia at an organismal level (Fisher et al, 2001; Meuwissen and Berns, 2005) . The two main types of lung cancer are small-cell lung cancer and non-small-cell lung cancer (NSCLC). Among the latter, the most prevalent type is the adenocarcinoma, which accounts for more than 40% of all lung cancers (http:// www.cancer.gov/cancertopics/wyntk/lung). Current treatments do not lead to a cure for most patients with lung cancer. Targeted anti-tumour therapies are likely to prove more effective, but their development will require a better understanding of the signalling cascades involved in the initiation and progression of this type of tumour. In this regard, Ras oncogenes trigger a myriad of signalling pathways, of which only a few have been characterized in detail, such as the Raf-MEK and PI3 Kinase-Akt signalling cascades (Downward, 2003; Malumbres and Barbacid, 2003) . With regard to tumour suppressors, we have reported the reduction of Par-4 (also known as PAWR) levels in Ras-transformed cells (Barradas et al, 1999) . In the case of cultured fibroblasts, this Par-4 reduction is a required event for Ras to manifest its full transforming potential (Barradas et al, 1999) . However, its role in more physiological cancer models is still unclear. Par-4 was initially identified in an in vitro differential screen for pro-apoptotic genes in human carcinoma cell lines (Sells et al, 1994) . The Par-4 gene maps to chromosome 12q21, a region frequently deleted in certain malignancies (Johnstone et al, 1998) , and encodes a protein (38 kDa) containing a leucine zipper domain in the COOH-terminal region, which interacts with a variety of proteins , including the atypical protein kinases (aPKCs), PKCz and PKCl/i (Diaz-Meco et al, 1996) . Among the mechanisms by which Par-4 triggers apoptosis, the best established one, which is supported by studies in knockout (KO) mice, is through inhibition of the aPKCs and the ensuing downmodulation of NF-kB and its prosurvival transcriptional targets, such as X-linked inhibitor of apoptosis (XIAP) Lafuente et al, 2003) . These previous studies all point to a link between Par-4 downregulation and cancer. Indeed, we have recently shown that Par-4-null mice develop spontaneous benign prostate neoplasias and endometrial carcinomas, thus implicating Par-4 deficiency in the development of tumours (Garcia-Cao et al, 2005) . In addition, our recent data also demonstrate, using cDNA arrays, quantitative reverse-transcription PCR, and by immunohistochemistry (IHC) , that Par-4 is downregulated in approximately 40% of human endometrial carcinomas (Moreno-Bueno et al, 2007) .
Lungs, along with prostate (see below) and endometrium (Moreno- Bueno et al, 2007) , are the tissues that exhibit the highest levels of Par-4. We reasoned that if Par-4 is a tumour suppressor, its loss in the lung would lead to increased tumorigenicity. In this study we provide compelling evidence that Par-4 deficiency in the lung leads not only to enhanced NF-kB but also to increased Akt activity, thus making Par-4-deficient lungs more sensitive to Ras-induced oncogenesis. We demonstrate that the negative actions of Par-4 on Akt are cell autonomous and mediated by the ability of PKCz to phosphorylate Akt at Ser124, which impacts the phosphorylation status of Ser473 and Thr308, two critical residues for its enzymatic activity (Cantley, 2002 ). Akt's Thr308 is phosphorylated by PDK1 in response to activation of PI 3-kinase, which generates PIP 3 , which by binding the pleckstrin homology domain of Akt and PDK1, makes that residue accessible to the action of PDK1 (Manning and Cantley, 2007) . Ser473 has been shown to be phosphorylated by an mTOR-Rictor complex, termed as TORC2, which in contrast to the TORC1 complex, composed of mTOR and raptor that phosphorylate the Ser396 of S6K1, is insensitive to rapamycin (Sarbassov et al, 2005; Bhaskar and Hay, 2007) . Our observations reported here unveil a novel role for Par-4 and PKCz and reveal a novel mechanism of action for the regulation of Akt involving PKCz phosphorylation of Ser124, which is negatively regulated by Par-4 and which is likely important in lung cancer in vivo.
Results

Tissue distribution of Par-4 and loss in human tumours
Our previous observations have demonstrated that Par-4 KO mice have decreased lifespan and display higher tumour incidence with ageing. These tumours are mainly prostate intraepithelial neoplasias (PIN) and endometrial carcinomas, and low-frequency lung adenocarcinomas (Garcia-Cao et al, 2005) . This, together with the fact that Par-4 is absent in about 58% of human prostate cancers (our unpublished observations) and in about 40% of human endometrial carcinomas (Moreno-Bueno et al, 2007) , indicates that Par-4 can be considered as a tumour suppressor. Thus, it is of interest to determine whether Par-4 also has tumour-suppressive activity in other organs. We reasoned that Par-4 will most likely have an important function as a tumour suppressor in those organs that exhibit the highest levels of Par-4 expression. Therefore, we analysed, by immunoblotting with a specific anti-Par-4 antibody, the levels of this protein in different normal mouse tissues. Interestingly, the Par-4 protein is highly expressed in the lung, with levels comparable with those of prostate ( Figure 1A ). Prostate displays the highest Par-4 mRNA levels, whereas lung, liver and kidney also expressed high levels as compared with other tissues such as brain and intestine ( Figure 1B ). On the basis of the high Par-4 protein levels in the lung in mouse samples, we determined the distribution of Par-4 in human and mouse lung sections by IHC. The data of Figure 1C show that Par-4 is expressed mostly in the epithelial cells of the airways both in human and mouse lung, as well as in the alveoli.
We hypothesized, then, that the loss of Par-4 in the lung would be instrumental for lung cancer initiation and progression. To begin addressing this possibility, we next determined Par-4 expression levels in tissue microarrays of human NSCLC. Interestingly, 47% (n ¼ 133) of NSCLC were negative for Par-4 as determined by IHC ( Figure 1D ). Importantly, there is a clear correlation between the loss of Par-4 and the type of tumour. That is, 41% of the adenocarcinomas were negative for Par-4 expression, whereas only 6% of squamous cell carcinomas show negative staining for Par-4. Also, when the adenocarcinomas are stratified by grade, it is clear that 74% of grade III tumours have lost Par-4 expression, whereas 59% of grade I-II are negative for Par-4. In summary, Par-4 levels are reduced in a significant number of human lung malignancies, strongly suggesting that this protein may have an important function in lung cancer prevention.
Par-4 deficiency enhances Ras-induced lung cancer in vivo
Par-4 deficiency leads to only benign tumorigenicity in prostates, and to low-frequency lung carcinomas (Garcia-Cao et al, 2005) . As Par-4 is reduced most significantly in adenocarcinomas, which are the type of lung tumours that best correlate with the expression of mutant oncogenic Ras (Bos, 1989) , we next wanted to test the hypothesis that loss of Par-4 favours the tumorigenic actions of this oncogene. To determine whether Ras-induced lung cancer may be influenced by Par-4, we asked whether in vivo genetic ablation of Par-4 would affect tumour development in lungs. To do this, we used a mouse model of pulmonary adenocarcinoma in which oncogenic Ras was introduced by a knock-in strategy and is inducibly expressed in an endogenous manner (Guerra et al, 2003) . This model leads to lung adenomas and adenocarcinomas in which the likely target cell is the type II pneumocyte, evidenced by the observation that the resulting tumour cells express surfactant protein C, a marker of type II pneumocytes (Guerra et al, 2003; Tuveson et al, 2004) . This is a physiologically relevant model for human cancer, as it has been reported that, in addition to Clara cells, type II pneumocytes are the most likely precursors of human lung adenocarcinomas (Fisher et al, 2001; Tuveson et al, 2004; Meuwissen and Berns, 2005) .
To address whether the role of Par-4 is to physiologically restrain Ras-induced lung tumorigenesis, we tested the hypothesis that expression of oncogenic Ras in a Par-4À/À background would increase tumour burden as compared with that in Ras-expressing WT mice. Therefore, Par-4 KO mice were bred to the mice expressing oncogenic Ras in the lung. In this model, a limited percentage of oncogenic Rasexpressing lung broncho-alveolar cells undergo malignant transformation leading to adenomas and adenocarcinomas (Guerra et al, 2003) . Therefore, this is an ideal in vivo model to determine whether the loss of Par-4 under these conditions would lead to increased tumorigenicity in the lung. Results in Figure 2A demonstrate that the tumour burden in oncogenicRas-expressing WT lungs is approximately 18% of the total lung tissue, whereas that parameter is significantly higher in Par-4 KO mice (about 75%). Tumour incidence in the Rasexpressing Par-4 KO lungs was significantly higher as compared with the Ras-expressing WT controls ( Figure 2B ). The lifespan was dramatically reduced in Ras-expressing Par-4 KO mice as compared with the other genotypes ( Figure 2C ). The loss of Par-4 also accelerated the progression of Ras-initiated lung adenocarcinomas, as the percentage of high-grade tumours was significantly higher in the Par-4 KO mice as compared with their corresponding WT controls ( Figure 2D ). Consistent with increased tumorigenesis in the Par-4 KO lungs, proliferation was also enhanced, as determined by increased Ki67 staining compared with WT controls, both in the normal alveolar tissue ( Figure 2E , upper panels) and in the tumours ( Figure 2E , lower panels) of Ras-expressing lungs. We have reported previously in vitro downregulation of Par-4 in cultured, oncogenic Ras-expressing fibroblasts (Barradas et al, 1999) . Surprisingly, the levels of Par-4 were similar in normal lung of WT mice and in cancer tissues of the oncogenic Ras-expressing mice ( Figure 2F ). Therefore, our observation that the loss of Par-4 dramatically enhances Ras tumorigenic potential in lung (Figure 2A and B) is consistent with: (1) oncogenic Ras expression not being sufficient to downregulate Par-4 in vivo; and (2) the ability of Par-4 inactivation in tumours to facilitate the development of Ras full-transforming potential. Globally, these data strongly suggest that Par-4 is a physiologically relevant negative regulator of lung tumorigenesis.
Signalling alterations in Par-4-deficient lungs
To gain understanding of the molecular and cellular mechanism(s) whereby Par-4 restrains lung tumorigenesis, we next analysed the state of different signalling pathways in lungs from WT and Par-4-deficient mice under basal conditions. We have recently demonstrated in cell cultures of Par-4-deficient EFs, and in Par-4 KO prostates and uteri, that the loss of Par-4 produces enhanced NF-kB activation, which leads to the increased expression of XIAP, a well-established anti-apoptotic downstream target of NF-kB . Consistent with this, our analysis of lung extracts from Par-4 KO mice revealed increased levels of XIAP as compared with lung extracts from WT controls ( Figure 3A ). Par-4 constitutively inhibits aPKCs, as demonstrated in vivo by increased phospho-PKCz staining in lung sections from Par-4 KO mice as compared with WT controls, both in the alveoli and in the airways (Supplementary Figure 1A) . Consistently, PKCz activity in lung extracts is also increased in the Par-4 KO mice, as determined in an in vitro enzymatic assay in PKCz immunoprecipitates (Supplementary Figure 1B) . As PKCz is required for the nuclear translocation of NF-kB in lung (Leitges et al, 2001 ), we next determined by IHC analysis whether the loss of Par-4 in the lung leads to enhanced nuclear levels of RelA in this tissue. The percentage of cells staining positive for nuclear RelA (also known as p65) was significantly increased in Par-4 KO lungs as compared with WT controls ( Figure 3B ). Therefore, the loss of Par-4 enhances basal NF-kB activity in lungs, which most likely accounts for the increased XIAP levels ( Figure 3A) . These results are consistent with the increased proliferation observed in Par-4 KO lungs, as enhanced NF-kB would result in higher cell survival during the oncogenic transformation process (Karin, 2006a, b) . This observation provides in vivo confirmation of our previous observations on the effect of Par-4 deficiency in EFs, prostate and uterus , and extends their relevance to the lung. When the activation of other signalling molecules related to cell survival and proliferation was determined in lung extracts, we observed that the lack of Par-4 correlated with increased Akt phosphorylation of Ser473 in lung extracts ( Figure 3A) . Ser473 phosphorylation is a bona fide marker of Akt activation (Cantley, 2002) , indicating that the Par-4 KO lungs have increased levels of Akt activity under basal conditions. These results were confirmed by IHC analysis of lung sections, which demonstrated increased phospho-AktSer473 staining in vivo in Par-4À/À lung alveolar ( Figure 3C ) and bronchiolar (not shown) cells, as compared with WT controls. Importantly, levels of phospho-Akt-Ser473 were also significantly augmented in Ras-expressing Par-4 KO tumours as compared with WT tumours (Figure 4A and B) . Surprisingly, nuclear RelA levels were not detectable in Rasexpressing WT or Par-4 KO tumours ( Figure 4C ), although the Par-4 KO cells in those tumours showed enhanced cytosolic staining for RelA ( Figure 4C ). However, increased RelA nuclear translocation was observed in the Par-4 KO, oncogenic Ras-expressing alveolar normal and hyperplastic tissues as compared with WT controls (Supplementary Figure  2A) . Phospho-Akt-Ser473 levels in the Par-4 KO mice were increased as compared with WT controls in all oncogenic Rasexpressing lung tissues analysed (Supplementary Figure 2B) . These results suggest that increased levels of Akt activity, but probably not of NF-kB, correlate with Par-4 KO-enhanced Ras tumorigenesis. These are important observations because they establish Par-4 as a novel critical negative regulator, in the lung, of two essential prosurvival cascades, NF-kB and Akt. The mechanism whereby Par-4 regulates NF-kB is well established and most likely involves PKCz (Leitges et al, 2001; Garcia-Cao et al, 2003) . However, the results of this article unveil an unexpected regulatory role of Par-4 as a negative modulator of Akt that deserves further analysis.
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Cell-autonomous inhibition of Akt by Par-4
To investigate how Par-4 influences Akt Ser473 phosphorylation, we first determined whether the upregulation of Akt activity by Par-4 deficiency is cell autonomous, and if it can be reverted in KO cells by ectopically reintroducing Par-4. To address these two important issues, we used anti-Par-4 and anti-XIAP antibodies to perform immunofluorescence analysis of EFs from WT and Par-4-deficient mice. Both types of fibroblasts were co-cultured on the same coverslips so that the staining conditions for the different types of cells (WT and KO) would be identical for the different antibodies. Results in Figure 5A (upper panel) show that KO cells (which are easily identified because they stain negatively for Par-4) give a much stronger signal for XIAP, consistent with Par-4 being a negative regulator of XIAP expression . As the antibodies to detect phospho-Akt-Ser473 are not compatible with those that detect Par-4, but are compatible with those for XIAP, we assessed phospho-Akt levels in cells with elevated XIAP levels (thus identified as Par-4À/À). The lower panel of Figure 5A shows a representative experiment. Interestingly, cells that were Par-4À/À displayed higher phospho-Akt-Ser473 levels, demonstrating a clear inverse correlation between Par-4 and Akt activity. Furthermore, when EFs were made quiescent by serum starvation and subsequently activated by serum, the levels of phospho-Akt were more potently stimulated in the Par-4 KO cells than in the WT controls, in both time-and dosedependent manners, and in both the cytoplasm and the nucleus ( Figure 5B and C) . Importantly, when Par-4 was reexpressed in KO EFs, the activation of Akt was severely compromised ( Figure 5D ). These results support the notion that Par-4 is a cell-autonomous negative regulator of Akt in the lung and EFs. To test whether this is also true in human cells, we used a Par-4 siRNA to deplete endogenous Par-4 levels in human 293 cells and in the A549 human lung adenocarcinoma cell line. Cells were treated with control or Par-4-specific siRNAs, after which they were kept for 24 h in serum-free medium conditions and then stimulated with serum. Data in Figure 5E and F clearly demonstrate that the knockdown of Par-4 provokes enhanced serum-activated phospho-Akt-Ser473 levels in A549 and 293 human cells, respectively. These data strongly indicate that the extent of phosho-Akt-Ser473 activation is linked to Par-4 levels in several cell systems, including human lung cancer cells.
Thr308 is also critical for Akt activity and function and is phosphorylated by PDK1 (Manning et al, 2002) . To test whether the loss of Par-4 impacts not only Akt's Ser473 but also Thr308, we determined by immunoblotting with a specific anti-phospho-Akt-Thr308 antibody the levels of this phosphorylation in EFs from Par-4 KO and WT controls that have been either serum-starved or restimulated for 10 and 30 min with serum. We also tested in these extracts the phosphorylation levels of GSK3b and FOXO3, two direct substrates of Akt. From the data of Figure 5G , it is apparent that the lack of Par-4 leads to increased levels of phosphoAkt-Thr308, phospho-GSK3b and phospho-FOXO3. The enhanced phosphorylation of the two Akt substrates is consistent with the enhanced phosphorylation of Akt at its two critical residues and reflects increased Akt activity in the Par-4 KO cells.
The fact that Akt's Thr308 phosphorylation is also enhanced in the mutant cells is puzzling and suggests that Par-4 might be controlling directly or indirectly the phosphorylation of both sites or that their phosphorylation might be interconnected. Akt activation lies downstream of PI 3-kinase whose stimulation can be detected by increased production of PIP 3 (Manning et al, 2002) . A potential explanation for the fact that Akt phosphorylation at Ser473 and Thr308 is enhanced in Par-4 KO cells would be a similarly activated PI 3-kinase activity in the mutant cells. However, when PIP 3 levels were measured in Par-4 KO and WT cells, we did not detect an increase in Par-4 KO cells but, on the contrary, serum-induced PIP 3 levels were reduced in Par-4 KO cells. These results suggest that an increase in PI-3 kinase activity could not account for the hyperactivation of Akt in Par-4-deficient cells, and that feedback loop mechanisms may take place in an attempt to control a deregulated and constitutive Akt activation in these cells (Supplementary Figure 3) .
Collectively, these results demonstrate that Par-4 deficiency leads to the activation of the Akt pathway in vivo and in several cell systems, including human lung cancer cells, which may offer a biochemical explanation for the increased tumorigenicity observed in Par-4 KO lungs. This previously unrecognized link between Par-4 and Akt is functionally relevant as the knockdown of Akt significantly reduces the increased cell proliferation produced by the knockdown of Par-4 ( Figure 5H ). 
Role of PKCf in the negative regulation of Akt by Par-4
As others and we have reproducibly detected a specific interaction between PKCz and Par-4 (Diaz-Meco et al, 1996; Goswami et al, 2005) , which leads to the inhibition of PKCz activity in vitro and in vivo (Diaz-Meco et al, 1996), we reasoned that Par-4 regulation of Akt might be mediated by PKCz. Results of Supplementary Figure 1 demonstrate increased PKCz activation in Par-4 KO lung extracts, confirming and extending to an in vivo lung system our previous observations in EFs . We thought it conceivable that PKCz could be an Akt kinase and that its regulation by Par-4 could account for the role of this tumour suppressor as a negative modulator of Akt activity in vitro and in vivo. To address this possibility, we first transfected 293 cells with Par-4 along with a plasmid control or a PKCz expression vector. We reasoned that if Par-4 reduces Akt's Ser473 phosphorylation through its ability to inhibit PKCz, the overexpression of PKCz should impair Par-4 inhibitory actions on Akt's Ser473 phosphorylation. The data in Figure 6A show that this is, indeed, the case. That is, the expression of Par-4 impairs phospho-Akt-Ser473 phosphorylation in serum-activated 293 cells, whereas the cotransfection of PKCz with Par-4 completely reverses that effect ( Figure 6A ), strongly suggesting the existence of a Par-4/ PKCz/Akt cascade. The results of Figure 6B demonstrate that there is a specific and mostly constitutive interaction between Akt and PKCz. We next tested the hypothesis that Akt could be a direct substrate of PKCz. For this, we incubated recombinant pure PKCz with recombinant purified His-Akt in vitro in a kinase assay using gP 32 -ATP. As shown in Figure 6C , PKCz in addition to undergoing autophosphorylation was able to directly phosphorylate Akt, with a stoichiometry of 0.4±0.1 moles of phosphate per mole of Akt. Part of the kinase reaction was analysed by immunoblotting and revealed that PKCz was capable to induce the phosphorylation of Akt's Ser473 and Thr308. Note that the anti-phosphoThr308 antibody cross-reacts in this in vitro assay with activated PKCz, which is phosphorylated at Thr410, the equivalent to Akt's Thr308 in their activation loops ( Figure 6C ). These results demonstrate that PKCz is capable of directly phosphorylating Akt at both critical residues. To determine whether or not this is due to a hypothetical increase in autophosphorylation of Akt, we performed an in vitro kinase assay with recombinant pure PKCz and either WT Akt or a kinase-inactive (KD) version of that enzyme. Interestingly, PKCz phosphorylated both Akt forms with the same efficiency ( Figure 6D ). The same results were obtained when the levels of phospho-Akt-Thr308 were determined in a similar experiment (not shown). Phosphopeptide analysis of Akt phosphorylated with PKCz as shown in Figure 6C reveals three major peptides that, according to a theoretical map, correspond to phosphorylation of Ser124 ( Figure 6E ). This is consistent with the phospho-amino-acid analysis of these peptides that gives Ser as the predominantly phosphorylated amino acid. Mass-spectrometry analysis of PKCz-phosphorylated Akt demonstrates that Ser124, Ser473 and Thr308 were phosphorylated ( Figure 6F ), Ser124 phosphopeptide being the most abundantly detected. Analysis of these sites in untreated non-phosphorylated Akt by mass spectrometry revealed that Ser473 and Thr308 were both absent in the untreated control; however, we detected Ser124 phosphopeptide. To quantify the level of phosphorylation in Ser124 upon PKCz incubation, we used the spectral total ion count (TIC) method, which is a label-free quantitation method that relies on spectral counting and TIC to calculate the relative intensities of phosphorylation (Asara et al, 2008) . We observed a spectral TIC ratio of threefold for S124 phosphopeptide in PKCz-phosphorylated Akt compared with untreated Akt. Phosphorylation of Ser124 has previously been shown to be constitutive and to regulate the extent of Akt activation (Manning et al, 2002) . These results could be interpreted as that the loss of Par-4 leads to increased PKCz activity, which by phosphorylation of Ser124 modulates the extent of Akt activation. However, the fact that PKCz directly phosphorylates Akt at Thr308 and Ser473 could suggest that it could have an important function on Akt activation. However, a more plausible explanation to these data is that, although PKCz phosphorylates Ser473 in vitro, it does it inefficiently in vivo in the presence of the TORC2 complex, its role being limited to phosphorylate Ser124, which nonetheless will impact the total Ser473 phosphorylation by the TORC2 complex. If this is the case, we predicted that the knockdown of Rictor should abolish Akt phosphorylation and Ser473 even in the absence of Par-4. Results of Figure 6G demonstrate that this is actually the case. Also, this model is consistent with the fact that Ser124 phosphopeptide was most abundantly detected in the mass-spectrometry analysis and in the phosphopeptide map of Figure 6E .
Collectively, these results indicate that PKCz is an upstream regulator of Akt activation by phosphorylating Ser124. To demonstrate that PKCz is actually required in vivo for the phosphorylation of Akt's Ser473 and Thr308, we analysed these parameters in EFs WT and KO for PKCz either untreated or stimulated with different doses of serum. Of relevance, the lack of PKCz severely impairs Akt phosphorylation at both critical residues ( Figure 7A ). The analysis of lung extracts from PKCz-deficient mice supports a critical role for this kinase in Akt activation in vivo ( Figure 7B ). To demonstrate that PKCz is actually required for Par-4 regulation of Akt phosphorylation at its two critical residues, we generated a Par-4/PKCz double KO (DKO) mice cell line. We then analysed the levels of phospho-Akt-Ser473 and phospho-Akt-Thr308 in lung extracts from WT, Par-4 KO and DKO mice. Data of Figure 7C show that the increased phosphorylation in these two residues observed in the Par-4 KO lung extracts is abolished in lung extracts of DKO mice. Also, FOXO3 phosphorylation that is increased in the Par-4 KO lung extracts is similarly inhibited in the DKO mice ( Figure 7C ). Similar results were obtained when phospho-Akt-Ser473 and phospho-Akt-Ser124 levels were analysed by IHC of lung sections of mice with different genotypes (Figure 7D and E) .
Collectively, all these results establish the Par-4/PKCz cassette as an important regulator of Akt activation, most likely through the ability of PKCz to directly phosphorylate Akt's Ser124 and its subsequent impact in the phosphorylation of residues Ser473 and Thr308, which are critical for the regulation of Akt activity and function.
Discussion
The balance between oncogenic and tumor-suppressive signals is central to the control of tumour initiation and progression (Hanahan and Weinberg, 2000) . Our laboratory identified Par-4, a gene previously discovered in a screen for genes upregulated in cells undergoing apoptosis (Sells et al, 1994) , as a critical negative regulator of aPKCs (DiazMeco et al, 1996) . In overexpression experiments, Par-4 has also been reported to interact with other potential partners (Johnstone et al, 1996; Page et al, 1999; Kawai et al, 2003; Roussigne et al, 2003) ( Barradas et al, 1999) . All these studies suggest that Par-4 exerts tumour-suppressive effects in human cancer and in cell culture systems, although its ability to restrain oncogenesis in physiologically relevant model systems has not been demonstrated yet. The data shown here demonstrate that, although Par-4 levels are reduced in fibroblast cell cultures expressing oncogenic Ras (Barradas et al, 1999) , Par-4 levels remain unaltered in normal and tumour-derived lung tissues from mice expressing the oncogenic form of Ras. This suggests that, in vivo, inactivating mutations or deletions of Par-4 could be instrumental for Ras-induced tumour transformation. Here we addressed this important question by determining the ability of Ras to induce lung adenocarcinomas in Par-4 KO mice. The rationale for this experiment is that if Par-4's role is to suppress tumorigenicity, Ras-induced lung cancer would be enhanced by the lack of Par-4. The data shown here clearly support that hypothesis in that the tumour burden induced by Ras was significantly higher in Par-4 KO lungs than in the WT controls. Also, the loss of Par-4 resulted in a higher percentage of Ras-induced high-grade lung adenocarcinomas, indicating that the absence of Par-4 promotes lung tumour progression. These are important observations that, coupled with our data that Par-4 is absent in a significant proportion of human NSCLC, mostly in adenocarcinomas, strongly suggest that Par-4 is a relevant tumour suppressor in lung cancer. From a mechanistic point of view, the data presented here unveil an unexpected and important role of Par-4 as a negative regulator of Akt that exerts an effect by controlling the phosphorylation of Akt's Ser473 and Thr308, two critical events in the activity of this kinase (Cantley, 2002) . Our findings have to be put in the context of other observations demonstrating that the proto-oncogene Akt is activated in many human cancers, mostly due to loss of the PTEN tumour suppressor. Interestingly, in tumorigenesis, PTEN synergizes with a network of other tumour suppressors, all of them modulating Akt activation through different molecular mechanisms. For example, the tumour suppressor PML cooperates with PTEN inside the nucleus through the recruitment of Akt itself and the phosphatase PP2a into the PML nuclear bodies. This leads to the efficient inactivation of Akt by dephosphorylation (Trotman et al, 2006) . On the other hand, the tumour suppressor NEP inhibits Akt by direct interaction with, and stabilization of, PTEN (Sumitomo et al, 2004) . We show here that the effect of Par-4 on Akt activation is cell autonomous and is observed not only in mouse tissues and EFs, but also in human lung adenocarcinoma cells, thus supporting its physiological relevance. In this study, we confirm and extend our views through genetic evidence gathered in both in vivo and in vitro studies that Par-4 not only impinges on the PKCz signalling pathway leading to NF-kB activation (Leitges et al, 2001; Garcia-Cao et al, 2003; Duran et al, 2004) , but also on Akt activity. Akt Thr308 phosphorylation is mediated by PDK1 and activated as a consequence of the stimulation of PI 3-kinase (Manning et al, 2002) . The kinase responsible for Akt phosphorylation at Ser473 has been the subject of intense research. The Sabatini laboratory has found that a Rictor-containing mTOR complex is responsible for this phosphorylation (Sarbassov et al, 2005) . However, recent data from Tarakhowsky's laboratory show that a PKC isoform, PKCb, accounts for Ser473 phosphorylation in vivo, in at least B cells (Patke et al, 2006) . We show here that PKCz overexpression suppresses Par-4's inhibitory effect on Akt phosphorylation at residues Ser473 and Thr308, as well as that both phosphorylation events are dramatically reduced in the lungs of PKCz KO mice. We also demonstrate that the enhanced Akt activation produced by Par-4 ablation is almost completely reduced to WT levels in Par-4/PKCz DKO lungs and cells. Interestingly, in vitro assays demonstrate that PKCz directly interacts and phosphorylates Akt, supporting the existence of a Par-4/PKCz cassette that directly targets Akt. Mass-spectrometric, peptide mapping, immunoblotting and phospho-amino-acid analyses of the PKCz-phosphorylated Akt reveal that although recombinant pure PKCz directly phosphorylates WT and kinasedead Akt at Ser473, it also targets Thr308 and to a larger extent Ser124. The fact that PKCz can directly phosphorylate Ser473 would be consistent with previous observations that PKCb can also fulfil such a role (Patke et al, 2006) . However, our data that inactivation of the TORC2 complex by the knockdown of Rictor in the Par-4 KO cells totally abolishes Akt's Ser473 phosphorylation clearly indicate that PKCz cannot be the most relevant regulator of Ser473 in vivo in Par-4-inactivated cells and that TORC2 is essential also for that function. Interestingly, our experiments indicate that the Akt residue more abundantly phosphorylated by PKCz is Ser124. This is very important because this residue along with Thr450 is constitutively phosphorylated and is necessary for an efficient phosphorylation of Ser473 and Thr308 and the subsequent full activation of Akt (Alessi et al, 1996; Bellacosa et al, 1998; Conus et al, 2002) . These are relevant findings because the identity of the Ser124 and Thr450 kinases remained unknown. Previous data suggest that JNK is the Thr450 kinase (Shao et al, 2006) . The results presented here establish that the Ser124 kinase is PKCz.
Collectively considered, these results lead us to propose a model whereby the Par-4/PKCz complex modulates the extent of Akt activation by directly targeting Ser124. This is relevant, as overactivation of Akt in Par-4-deficient cells could be an important contributor to the pro-neoplasic phenotype of Par-4-deficient mice. In this regard, and taking into account the essential role of Akt in Ras transformation (Malumbres and Barbacid, 2003) , our data suggest that the mechanism whereby the loss of Par-4 enhances the Rastransforming potential in lung cancer in vivo will likely be accounted for by increased Akt activation.
Materials and methods
Mice
Par-4 KO and PKCz KO mice were described previously (Leitges et al, 2001; Garcia-Cao et al, 2003) . Par-4 KO and PKCz KO were crossed to generate DKO. K-ras þ /V12 , RERT2n
T/T mice (Guerra et al, 2003) were crossed with Par-4 KO mice. The KRasV12 allele was activated when mice were 1 month old by a single intraperitoneal injection of 500 mg of 4-hydroxytamoxifen dissolved and sonicated in olive oil. All mice were born and kept under pathogen-free conditions. Animal-handling protocols conform to institutional guidelines. All genotyping was done by PCR.
Cell culture
Wild-type, Par-4 KO and PKCz KO primary EFs were derived from E13.5 embryos . Cells were maintained in DMEM (Gibco BRL) supplemented with 10% (v/v) fetal calf serum (FCS), 1% glutamine and 1% penicillin/streptomycin (GibcoInvitrogen) in an atmosphere of 95% air and 5% CO2, and immortalized by retroviral infection with pBabeT-Ag followed by puromycin selection (1 mg/ml). The established cell lines represent pools of at least 100 independent clones. The HEK293-derived viruspackaging cell line 293T, and 293 and A549 cells were cultured in DMEM with 10% FCS. For knockdown of Par-4 and Rictor, two different human siRNAs were obtained from Qiagen with the following target sequences: Par-4: AAGTGGGTTCCCTAGATATAA and CACAGCCGTTTGAATATATTT; Rictor: AAACAAGGCTGTGA TATTCTA and AAAGACTACAGCAACAAAGAA; Akt: AAGCACCTT CATTGGCTACAA and AAGGAGGGTTGGCTGCACAAA.
Similar results were obtained with both siRNA sequences. AllStars Negative Control siRNA (Qiagen) was used as the negative control. Transfection of sRNAi was performed by the calcium phosphate method. For Par-4 reconstitution experiments, the retroviral expression vector pWZL-Par-4 was used. Retroviruses were produced in 293T cells by transient transfection using Lipofectamine 2000 (Invitrogen). Culture supernatants were collected 24, 48 and 72 h post-transfection, filtered (0.45 mm) and then supplemented with 4 mg/ml polybrene. EFs were infected with three rounds of viral supernatants and selected with hygromycin (75 mg/ ml). The following expression plasmids were used: CMV-6-hPar-4, pCDNA3-HA-PKCz, pSG-HA-Akt and pSG-HA-Akt-KD. PIP 3 levels were measured by ELISA, using PIP 3 ELISA kit (Echelon).
Confocal analysis
Wild-type and Par-4 KO EFs seeded on coverslips were fixed with 4% formaldehyde and permeabilized with 0.1% Triton X-100. Free aldehyde groups were quenched with 50 mM NH 4 Cl. Endogenous peroxidase activity was quenched by treatment with 3% H 2 O 2 in methanol for 15 min. Fixed cells were treated with blocking solution. Cells were incubated with monoclonal anti-XIAP and polyclonal anti-Par-4 or anti-phospho-Akt for 1 h at 37 1C. Antirabbit-Alexa-594 and anti-mouse-Alexa-488 were used as secondary antibodies. Glass cover slips were mounted on Mowiol and examined with a Zeiss LSM 510 Meta confocal system.
Western blotting
Cell extracts for western blot were prepared in RIPA buffer (1 Â PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM phenyl methyl sulphonyl fluoride and protease inhibitors). Lysates were separated by SDS-PAGE and transferred to nitrocellulose-ECL membranes (GE Healthcare) and the immune complex was detected by chemiluminescence (GE Healthcare). The following primary antibodies were used for western blot: phosphoAkt-S473, phospho-Akt-T308, phospho-FOXO3-T32, phospho-GSK3b-S9, PKCz and phospho-PKCz-T410/403 from Cell Signalling; Akt, actin, HA and Par-4 antibodies from Santa Cruz, and XIAP from BD. All antibodies were used according to the manufacturers' instructions.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
